Abstract : A computationally e cient algorithm for estimating time delay b e t ween signals received at two spatially separated sensors is proposed. The delay estimate is adapted directly to maximize the mean product of the rst sensor output and the ltered output of the second received signal. Convergence behaviour and variance of the delay estimate are derive d . I t i s s h o wn that the proposed algorithm outperforms the explicit time delay estimator at low signal-to-noise ratio.
Introduction : Time delay estimation between noisy versions of the same signal received at two spatially separated sensors has important applications in direction nding, target localization and velocity tracking 1]. Generalized cross-correlation method 2] is one of the conventional approaches for nding the time di erence of arrival but it requires a priori statistics of the received signals in order to obtain accurate delay estimates. Adaptive ltering techniques 3]-4], on the other hand, avoid spectral estimation from nite length data and are also capable of tracking nonstationary delays due to either relative source/receiver motion or time-varying characteristics of the transmission medium. Based on maximizing the mean product of one of the sensor outputs and the time-shifted version of another received signal, an adaptive d e l a y estimation method, called the simpli ed explicit time delay estimator (SETDE), is devised. It is shown that the proposed method is similar to the explicit time delay estimator (ETDE) algorithm 4] but it is more computationally e cient and provides more accurate delay estimates under very noisy environment.
The SETDE : Let the sensor outputs be represented by
where s(k) is the unknown stationary source signal, n 1 (k) a n d n 2 (k) are the uncorrelated white Gaussian noises, is the attenuation factor between the sensors and D is the di erential delay to be determined. Without loss of generality, w e assume that the signal and the noise spectra are bandlimited between ;0.5 Hz and 0.5 Hz while the sampling period is 1 second.
When r 1 (k) is time-shifted byD to give r 1 (k ;D), we can easily show that the mean product of r 1 (k ;D) a n d r 2 (k) will achieve its maximum whenD = D. Using the 2 This paper is a postprint of a paper submitted to and accepted for publication in Electronics Letters and is subject to Institution of Engineering and Technology Copyright. The copy of record is available at IET Digital Library. 
It is clear that an accurate estimate of D can be obtained by maximizing Efr 1 (k;D)r 2 (k)g with respect toD. Using this idea, the SETDE is developed and its system block diagram is depicted in Figure 1 . In the SETDE algorithm, the delay estimateD(k) is adapted on a sample-by-sample basis to maximize the instantaneous value ofr 1 (k ;D(k))r 2 (k)
according to a least-mean-square (LMS) style algorithm as follows,
where is a positive scalar that controls convergence rate and system stability while will become exactly the ETDE algorithm. This means that the SETDE is more computationally e cient than the ETDE because (2P + 1) additions and multiplications are saved for each sampling interval.
Taking the expected value of (5) and with the use of (2), we h a ve This paper is a postprint of a paper submitted to and accepted for publication in Electronics Letters and is subject to Institution of Engineering and Technology Copyright.
The copy of record is available at IET Digital Library.
